The formation of hydrogen overlayers on the Zn-terminated ZnO(0001) surface has been reexamined by angle-resolved photoemission spectroscopy (ARPES). While low-energy electron diffraction patterns display the same (1 × 1) symmetry for different surface preparations, the electronic structure feature close to the Fermi level shows the formation of electron pockets, compatible with hydrogen-induced metallic states. Using ARPES and density functional theory (DFT) calculations, we show that hydrogen adspecies can also lead to metallization of this zinc-oxide surface in a similar manner as observed previously on ZnO(1010) and O-terminated ZnO(0001). Importantly, our DFT calculations indicate that these electron pockets are formed by sp hybridized states and therefore the angular distribution of the emitted photoelectron is significantly suppressed at the normal emission.
I. INTRODUCTION
Zinc oxide (ZnO) is the key material in a large number of applications including solar cells, lasers, gas sensors, and photocatalysts [1] [2] [3] [4] . From the technological point of view, most of these applications depend on the manufacture of ZnO nanostructures with large surface-to-bulk ratio with an essential control over the surface growth direction and termination [5, 6] . Yet, several properties related to the ZnO surface electronic structure, in particular those connected to its polar surfaces, remain unclear.
Zinc oxide crystallizes into a wurtzite structure, characterized by alternate Zn and O atomic planes, arranged in double layers separated along the c axis by a single Zn-O bond. The cleavage perpendicular to the c axis results in two polar surfaces: Zn-terminated ZnO(0001) and O-terminated ZnO(0001) [7] [8] [9] . For charge neutralization, ZnO polar surfaces undergo various crystallographic and electronic changes depending on the surface termination [8] . In general, the surface displays charge rearrangement, required to cancel the macroscopic electrostatic dipole through the removal of surface atoms and/or adsorption of positively (or negatively) charged adspecies [7] .
A number of experimental observations and theoretical calculations suggest that polarity compensation differs on each surface, as well as oxygen and hydrogen coverage [9] [10] [11] [12] [13] [14] [15] [16] . The most widely accepted model to achieve charge neutrality in UHV-sputter-cleaned ZnO(0001) involves either the rearrangement of the topmost layer with removal of 1/4
Zn adatoms and the formation of triangular reconstructions or formation of residual H or OH overlayers [10, 11] .
Particularly intriguing is the nonreconstructed hydrogen-(1 × 1) surface first reported by Wöll and co-workers [17] . The authors report the formation of a 2H-(1 × 1) surface using He scattering and low-energy electron diffraction experiments, whereas hydrogen atoms are bound to the topmost Zn adatoms and apparently to subsurface O atoms. Later, Valtiner et al., using density functional theory (DFT) calculations, supported the formation of a metastable 2H-(1 × 1) adlayer and argued that it satisfies the electron counting rule (ECR), a fully compensated semiconducting surface [18] . Yet, despite several recent angle-resolved photoemission spectroscopy (ARPES) experimental investigations on the polar Zn-terminated surface, neither additional observations of this H-(1 × 1) overlayer nor its consequences for the surface electronic structure have been reported in the literature [9, 15, 19] .
In the present study, we used ARPES, low-energy electron diffraction (LEED), x-ray photoelectron spectroscopy (XPS), and density functional theory (DFT) calculations to reexamine the electronic structure of the hydrogen-stabilized Zn-terminated (0001) surface. We observed the formation of electron pockets close to the Fermi level, compatible with the formation of an electron accumulation layer related to a hydrogenated surface. These findings are discussed in terms of the underlying mechanism for hydrogenation and reveal the role of hydrogen in stabilizing the nonreconstructed polar Zn surface.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
The experiments were carried out in an ultrahigh vacuum (UHV) multichamber facility at the PGM beam line at the Brazilian Synchrotron Light Laboratory (LNLS). The UHV system is equipped with standard thin-film preparation facilities and scanning tunneling microscopy (STM), x-ray and ultraviolet photoelectron spectroscopy (XPS/UPS), and LEED. The base pressure was maintained at ∼5 × 10 −10 mbar and lower than 5 × 10 −9 mbar during sample transfers. ARPES spectra were measured at 300 K using a SPECS PHOIBOS 150 electron analyzer and photon energy of 103.5 eV using light incident angle of 54°and p polarized with the detector axis normal to the sample surface. The pass energy used and the combined beam line and analyzer resolution, including thermal broadening, were 15 eV and 100 meV, respectively, with 0.2°angular resolution. At this photon energy, a significant part of the probed states are surface states with two-dimensional k vectors in the two-dimensional surface Brillouin zone (¯ ). The XPS spectra were obtained using a monochromatic Al-Kα source with binding energy (BE) calibrated with respect to the Au 4f 7/2 peak set at 84.0 eV. The XPS spectra were recorded at normal takeoff angle and the O 1s peak component's analysis was performed using GaussianLorentzian line shapes after Shirley background subtraction. The line shapes and full width at half maximum have been propagated for all spectra. ZnO(0001) single crystals were obtained from Mateck GmbH and presented no apparent charging effects after several sputtering and annealing cycles. Prior to photoemission measurements, all samples were cleaned by 0.1 M hydrochloric acid (HCl) chemical etching cycles followed by flash annealing at 850 K in UHV. LEED measurements were performed in the preparation chamber before the collection of the photoemission spectra. Since the samples were grounded to the spectrometer, the zero of the BE scale can be directly referenced as the Fermi level of the sample and the valence-band (VB) position was determined from the low BE edge of the VB spectra using the approach proposed by Chambers et al. [20] . Topographic AFM images were obtained in an interconnected UHV chamber equipped with a STM/AFM Aarhus-150 operated at room temperature using a KolibriSensor (quartz sensor). The sensor used in the experiment had a resonance at ∼0.991 MHz with the quality factor of 16 000-20 000. The oscillation amplitude employed was less than 400 pm.
The band structure calculations were performed under the DFT+U method in slab geometry using the QUANTUM ESPRESSO package [21, 22] . Ultrasoft Becke-Lee-YangParr pseudopotentials were used to describe the exchangecorrelation potential. The first Brillouin zone was sampled using a 24 × 24 × 1 Monkhorst-Pack mesh while an energy cutoff of 405 eV was used for plane-wave expansion; both preceding DFT parameters were chosen to ensure an accuracy of 1 meV/cell in the convergence. In our calculations, we obtained lattice parameters a = 3.2488 Å and c/a = 1.6020, which are in good agreement with experimental [23] and previous [10, 24] DFT results. Furthermore, we obtained an energy band gap of 3.4 eV and a band structure in accordance with previous experimental and theoretical results [23] . For the study of H adsorption on the ZnO(0001) surface, we chose a slab model with a 2 × 2 surface unit cell consisting of six double layers of ZnO separated by vacuum of about 22 Å. The top three double layers of ZnO as well as the adatoms were allowed to relax until the atomic forces were smaller than 0.027 eV/Å. To mimic the bulk substrate, atoms at the bottom layers were fixed at their bulk positions. Oxygen atoms at the bottom of the slab were passivated by pseudo-H atoms with valence (1/2)e − , which avoids spurious charge transfer from the back surface to the top surface of the slab.
III. RESULTS AND DISCUSSION
The ZnO surfaces were prepared by several hydrochloric acid etching cycles and subsequent UHV annealing up to 850 K with base pressures better than 2 × 10 −9 mbar. The surface composition is shown in Fig. 1(a) . Sample cleanliness was achieved after the annealing step in UHV since the C 1s peak at 286 eV faded [ Fig. 1(a) ]. After this procedure, we obtained sharp (1 × 1) LEED patterns displayed in Fig. 1(b) and relatively flat surfaces as verified by topographic atomic force microscopy images obtained in situ and depicted in Fig. 1(c) . Residual hydrogen seems to persist after the annealing step as indicated by the high-energy peak component in Fig. 1 (d) [8] . Additional cycles of argon sputtering and annealing in UHV apparently remove most of the hydrogen adspecies as seen from the component suppression indicated in Fig. 1(c) . However, as we proceed with sputtering and annealing cycles, the surface quality slightly decreases, with a broadening of LEED spots (not shown). The intensity of the O 1s peak depicted in Fig. 1(d) is related to oxygen species bounded to Zn and hydroxyl groups bounded either to Zn topmost atoms and subsurface O atoms. Therefore, the peak components ratio can be used to estimate the OH coverage based on models described in the literature [25] [26] [27] . In our experimental setup, the electron inelastic mean free path (λ) is ∼19 Å at photoelectron kinetic energy of 956 eV [28] . Assuming that only the outermost layers are hydroxylated, the OH coverage obtained varies from 0. monolayers, when taking into account the exponential decay of the signal contribution (for 3λ). For this reason, we argue that the OH coverage possibly extensively hydroxylates the surface, although the employed estimative models are based on a flat rather than multilayered surface. The surface roughness is partially promoted by the chemical etching procedure, in agreement with the AFM image depicted in Fig. 1(c) . In what follows, we focus our attention on the nonsputtered surface, the one solely chemically etched and annealed in UHV up to 850 K [29] .
Figures 2(a)-2(d) display the ARPES data in the k x − k y space at the first (¯ ) and second (¯ 1 ) surface Brillouin zones for the ZnO surface. The VB maximum is located about 3.3 ± 0.1 eV, determined by extrapolating the leading edge of the emission peak. The dispersive bands related to the O2p-Zn4s mixed states (from 3.3 to 10 eV) are clearly observed and suggest that the surface is well ordered after the etching and annealing procedures. These dispersive band features are also consistent with the bulk features previously reported for the ZnO(0001) surface [30, 31] . In Figs. 2(e) and 2(f), the dispersive features of the bands in the¯ -M-K plane are shown at the constant-energy intensity plots for 4.6 and 0.2 eV, respectively. The¯ -M-K plane, including the¯ point and the corresponding high-symmetry directions, are indicated in Fig. 2(e) , where the overall hexagonal symmetry of the bands is clearly visible. Interestingly, different structures appear around the¯ and¯ 1 points depicted in Fig. 2(e) . These features demonstrate that the effects related to the angular variation of the electron emission intensity affect band visualization because much weaker photoemission is observed at the top of the valence-band normal¯ point than at the off-normal¯ 1 points as one compares the constant-energy intensity plots around¯ and¯ 1 in Fig. 2(e) . Noteworthy is that although not clearly visible in the ARPES maps [Figs. 2(a) and 2(b)] because of the image contrast, one can also note, in Fig. 2(f) , features related to dispersive bands appearing just below E F , at 0.2 eV for the off-normal emission (these features appear about 100 times less intense than the top of the valence band located at 3.3 eV). These dispersive bands appear for the off-normal emission with the surface parallel component expanding in a narrow k range of 0.2 Å −1 . This is an important finding since previous studies on the Znterminated ZnO(0001) have not reported on states within the band gap originating from bulk or related to adsorption of molecular species [15, 19] . The detailed features related to this band are displayed in Fig. 3 . The ARPES intensity plots here are obtained by applying the curvature method to the raw ARPES data allowing us to investigate the spectral features close to the E F [32] . Figures 3(a) and 3(b) show the band dispersion for the¯ 1 K and¯ 1M directions, respectively, and Fig. 3(c) depicts the corresponding constant-energy intensity plots at 40 meV. The band exhibits a parabolic behavior with isotropic features running along the ZnO surface high-symmetry directions. The superimposed dashed parabolas can reproduce the bands quite well, with bottom energy at ∼0.2 eV. This band nearly disperses, crossing the E F with k x at ±0.1 Å −1 for the¯ 1K
direction, but it is centered close to the¯ 1 symmetry point at k y = 2.26 Å −1 for the¯ 1M direction.
Considering that the ARPES intensity plots for the sputtered and annealed surface do not carry any feature inside the band gap (not shown), one may expect these electronic states for the solely etched and moderate annealed surface to be related to residual adsorbed species on the surface. This assumption is supported by the effective electron mass (m * ) obtained from the parabolic fitting displayed in Fig. 3 [17, 18] . Valtiner et al. have explored metastable phases that can be stabilized by hydrogen adsorption on the surface topmost layer. Their proposal is that Zn atoms and step edges can be saturated by hydrogen, including the protonation of O subsurface atoms. This structure shares the hexagonal symmetry of the surface lattice and contains hydrogen atoms bound to both Zn adatoms and subsurface oxygen. Hydrogen bonding to surface and subsurface atoms is consistent with several experimental and theoretical reports on ZnO [16, [34] [35] [36] . However, under severe hydrogenation conditions, hydrogen is expected to interact with subsurface oxygen atoms by breaking their back bond with the Zn topmost layer, which ultimately leads to the formation of hydroxyl groups and disruption of the surface order by forming either a mixed hydroxide or simply roughing the surface. Nevertheless, under our experimental conditions, the adsorbed hydrogen may maintain a relatively ordered surface structure and, therefore, the induced bands can be visualized in our ARPES intensity plots.
To further clarify the metallic nature of the surface, we have considered that the intensity of the OH contribution in Fig. 1(d) , although relatively small, serves as an indication of hydrogen adsorbed on the surface. First of all, we have performed calculations taking into account a (2 × 1) OH overlayer as previously proposed by Valtiner et al. [18] . We noted, however, that as the OH groups adsorb on the surface, the polarity is removed and the oxide band gap is restored to its bulk value, as well as no Fermi energy crossing is observed. For this reason, the surface electronic structure was reexamined for clean, 0.25, 0.5, and 1.0 ML of hydrogen adsorbed on top sites and a fcc hollow site on the (1 × 1) ZnO surface using the unit cells depicted in Fig. 4 . The DFT calculations were found to be consistent with the experimental results when 1 ML of hydrogen is adsorbed on the ZnO surface. In Fig. 5(a) is shown the k-resolved band structure of the total density of states (the sum of the topmost surface atoms and bulk atoms), followed by the contribution from each surface atom orbital to the electronic structure of the clean surface. The position of the calculated valence band was aligned to the top of the experimentally observed band structure. Even though there is a general agreement with the experimental data shown in Fig. 2 , the conduction band slightly crosses the Fermi level and the calculated band gap is narrower than the experimental one. Noteworthy is that although the clean surface at this condition is expected to be only metastable, since polarity is not yet removed, it serves to indicate trends of the consequences on the electronic structure of the hydrogen adsorption at specific sites. Nevertheless, we note that the experimental valence-band features are quite well described by the calculations whereas the upper part is related to the O 2p orbitals and the lower part to the Zn 3d orbitals, which are also consistent with earlier reports in the literature [36] [37] [38] [39] .
Next, we analyze the hydrogen-induced features shown in the k-resolved band structure depicted in Fig. 5(b) for the surface saturated with hydrogen adsorbed on both the zinc topmost atoms and oxygen subsurface atoms the experimental data seen in Fig. 2 . The total density of states is characterized by several bands crossing the Fermi energy as well as new dispersive features [for Fig. 5(b) ] around -8 eV which has not been observed in the experimental data. Moreover, the contribution from the surface oxygen 2p x orbitals to the top of the valence band appears shifted toward larger binding energies. Indeed, band-bending effects are expected to occur on the hydrogenated Zn-terminated surface, however with the top of the valence band shifting toward smaller band energies, causing an overall band gap narrowing. In our experiments, however, additional evidence for the band-gap narrowing and downward shift is not observed since the valence-band maximum appears relatively unchanged comparing the etched and annealed surface to the sputtered and annealed one. In fact, in a recent study, Heinhold et al. have shown a valence-band shift of only 20 meV for a Zn-terminated surface prepared by annealing in vacuum as compared to 10 4 Langmuir hydrogen exposures, a shift much smaller than our experimental uncertainty range of 100 meV [9] . This behavior highlights some of the significant differences between the O-and Zn-polar surfaces decorated with hydrogen, whereas for the Zn termination, band bending is remarkably less affected as compared to the O-terminated surface.
Further, the calculated band structures that better describe the experimental dispersive features are displayed in Figs. 5(d) and 5(e). The k-resolved DOS of the hydrogen adsorbed on the Zn topmost atoms and hollow sites show valence bands features between 4 and 7 eV, as well as, 2p x oxygen orbital contributions slightly downward shifted, and a new dispersive feature within the band gap, although the former is not located at 0.2 eV. In addition, the calculated pocket dispersion is significantly smaller in both cases than the one observed experimentally. We argue that the hydrogen, zinc, and oxygen surface atoms' bond-length deviations may affect the calculated band positions and dispersion [40] [41] [42] . Nevertheless, the calculations reveal that the most favorable hydrogen adsorption occurs on the Zn topmost atoms, with formation energy for Zn-H of −1.96 eV as compared to O-H of −1.12 eV and H on the hollow site of −1.75 eV. Therefore, the theoretical results suggest that metastable mixed hydrogen phases may coexist on the surface and account for the discrepancies between the calculated and experimental observed band. Interestingly, one can ascertain from the k-resolved projected DOS depicted in Figs. 5(d) and 5(e) that this localized induced state is particularly related to the s orbital of the adsorbed hydrogen atom; and the 2p oxygen orbital likewise contributes significantly to the induced localized state. This contribution from the 2p orbitals to the localized state occurs essentially for the first subsurface oxygen atoms as compared to deeper layers on the ZnO surface. Thus, although the electronic structure at the Fermi level receives a major contribution from 4s Zn orbitals, the interaction with the 2p oxygen orbitals leads to the formation of hybridized sp-like orbitals. For this reason, the hydrogen atom adsorbed on the Zn-terminated surface induces the development of antibonding p orbitals on the subsurface oxygen atoms, a behavior also consistent with previous DFT studies performed by Nishidate et al. and Sanchez et al. [16, 36] . In addition, we claim from the intensity of the orbital contributions in Fig. 5(d) that the hybridization of the 1s occurs somewhat stronger between the 2p x (and p y ) orbitals than the p z , since the 1s contribution at the point appears weaker than at the borders of the surface Brillouin zone (SBZ) leading to a k-dependent hybridization.
The hybridization has major consequences for the ARPES intensity plots since the directional character of the electron pockets could only be revealed if the necessary sample rotation to reproduce the k y dimension is performed as discussed extensively in a recent review from Moser [43] . This state orbital symmetry is the main reason for the electron pockets observation in the adjacent surface Brillouin zones,¯ 1 [see Fig. 2 [44, 45] . The orbital symmetry impact on electron pocket visualization is essential to understand the absence of these electron pockets in previous studies [15] . The reason is that the angular distribution of photoelectrons emitted from sp orbitals using polarized light causes significant suppression of spectral weight at normal emission (¯ ). This happens because the light polarization vector suppresses all spectral components in the plane perpendicular to the incoming light polarization [43] .
Comparing Zn-and O-terminated surfaces, one can also make symmetry arguments about what to observe in each case. In the first case, we expect that hydrogen adsorbed on Zn lead to C3v symmetry. In this, the twofold-degenerate irreducible representation E to which the oxygen hybridized orbitals p x and p y belong is expected to not be very intense in normal emission. In contrast, the hydrogen-decorated Oterminated surface would result in oxygen p z -like orbitals strongly hybridizing with the H 1s, which is a totally symmetric representation A 1 , with good intensity at the normal emission. Therefore, in our experiments, because the offnormal emission breaks the symmetry that normally causes an exact cancellation of the scattering of the hydrogen-oxygen hybridized orbitals, the electron pockets are better visualized at the¯ 1 points.
Finally, in addition to the hybridization process, the photoionization cross sections of H 1s and O 2p are also expected to play an important role in the pockets observation since the cross sections at the photon energy employed are ∼0.01 and 1 Mbarn, respectively [46] . These cross-section values are in close agreement with the intensity ratio observed for the pockets as compared to the top of the valence band (in Fig. 2) . As a consequence, the contribution and directional character of the O 2p over the symmetric H 1s orbitals rule the pocket visualization. For this reason, further ARPES experiments using 20-30 eV photon excitation energies (where H 1s and O 2p cross sections are ∼1 and 5 MBarn, respectively) are needed to absolutely elucidate the mechanism related to the pockets' visualization.
IV. CONCLUSION
In conclusion, the present results offer direct evidence that hydrogen-induced metallization can also be responsible for surface stabilization on the Zn-terminated ZnO(0001) surface. Although the most widely established model for the polarity compensation of the Zn-terminated surface is related to surface triangular reconstructions, whereas the role of hydrogen adsorption may be dismissed, other accessible, and most probable metastable, hydrogenated surface phases may also lead to surface stabilization. This interpretation is not only in line with our measurements and theoretical calculations but also in agreement with the previous reports of Becker et al., Valtiner et al., and Sanchez et al. [17, 18, 36] . For this reason, we believe that the strong surface-localized character of the metallic band is highly related to Zn-terminated surface reactivity. This effect is of fundamental importance for ZnO-based nanostructures, particularly to those connected to optoelectronic applications, since control over the surface termination is crucial. Note that the delicate balance between several stabilization mechanisms and between surface structure geometries is expected to significantly affect areas of application in wet environments, such as photocatalysis and corrosion.
